Open fractures are characterized by disruption of the skin and soft tissue, which allows for microbial contamination and colonization. Preventing infection-related complications of open fractures and other acute wounds remains an evolving challenge due to an incomplete understanding of how microbial colonization and contamination influence healing and outcomes. Culture-independent molecular methods are now widely used to study human-associated microbial communities without introducing culture biases. Using such approaches, the objectives of this study were to (1) define the long-term temporal microbial community dynamics of open fracture wounds and (2) examine microbial community dynamics with respect to clinical and demographic factors. Fifty-two subjects with traumatic open fracture wounds (32 blunt and 20 penetrating injuries) were enrolled prospectively and sampled longitudinally from presentation to the emergency department (ED) and at each subsequent inpatient or outpatient encounter. Specimens were collected from both the wound center and adjacent skin. Cultureindependent sequencing of the 16S ribosomal RNA gene was employed to identify and characterize microbiota. Upon presentation to the ED and time points immediately following, sample collection site (wound or adjacent skin) was the most defining feature discriminating microbial profiles. Microbial composition of adjacent skin and wound center converged over time. Mechanism of injury most strongly defined the microbiota after initial convergence. Further analysis controlling for race, gender, and age revealed that mechanism of injury remained a significant discriminating feature throughout the continuum of care. We conclude that the microbial communities associated with open fracture wounds are dynamic in nature until eventual convergence with the adjacent skin community during healing, with mechanism of injury as an important feature affecting both diversity and composition of the microbiota. A more complete understanding of the factors influencing microbial contamination and/or colonization in open fractures is a critical foundation for identifying markers indicative of outcome and deciphering their respective contributions to healing and/or complication.
INTRODUCTION
Open fractures, which occur either from blunt or penetrating trauma, are characterized by disruption and exposure of the skin and soft tissue and an increased risk for wound infection and delayed healing of the skin and bone. 1 The microbial milieu of a wound may impact both local and systemic defense responses, tissue repair, and clinical outcomes. 2 However, surveillance cultures taken at presentation have little predictive value for downstream complication. 3 A major obstacle to identifying contaminating and colonizing microorganisms in cutaneous wounds observed in orthopedic trauma is the reliance on culturebased approaches that are standard in clinical practice. Culture-based methods are biased toward microorganisms that readily grow in isolation and under artificial laboratory conditions. 4, 5 Culture-independent molecular methods, based on DNA sequencing of the gene encoding the prokaryote-specific 16S ribosomal RNA (rRNA), provide greater resolution while eliminating biases associated with cultivation and isolation procedures. 6 Using these methods, we previously demonstrated that cultures severely underestimate microbial burden and diversity in open fractures and other types of cutaneous wounds. 7, 8 Sequencing-based methods may be useful for identifying microbial biomarkers of clinical outcomes, including infection-and healing-related outcomes. 7, 9, 10 Furthermore, understanding how wound-and patient-level clinical factors vary with microbial colonization may reveal useful indicators of problematic bioburden.
The vast majority of studies to date using cultureindependent methods for characterizing wound bioburden have been cross-sectional and in subjects with chronic wounds, where factors such as age and diabetes significantly modify the host and its response to microbial threats. 11 For example, the wound environment of a diabetic foot ulcer will be influenced by neuropathy, altered glucose metabolism, and other pathologies related to diabetes mellitus. 9, 12 The nature of open fractures and the inherent continuum of care requiring patient follow-up enable longitudinal study designs. In other types of wounds, longitudinal profiling revealed temporally instable microbial communities, suggesting a major limitation of cross-sectional study designs. 9, 13, 14 Understanding the temporal dynamics of all components of the acute wound environment, including the microbiota, will improve our ability to effectively manage and treat them.
Here, in a cohort of 52 subjects systematically sampled from presentation in the emergency room and at all possible inpatient and outpatient follow-up visits, we tested the hypothesis that microbial community structure in an open fracture would evolve in a manner depending on a blunt or penetrating mechanism of injury. Sequencing and analysis of the 16S rRNA gene was used to: (1) define the long-term temporal microbial community dynamics of open fracture wounds and adjacent skin, and (2) analyze microbial community diversity, composition, and dynamics with respect to injury mechanism.
MATERIALS AND METHODS

Study design
Fifty-two patients with open fractures presenting to the University of Pennsylvania Orthopaedic Trauma and Fracture Service were enrolled into the study. The study protocol was reviewed and approved by the University of Pennsylvania Institutional Review Board prior to the start of the patient enrollment. A modification of the informed consent process was approved for this investigation to enable sample collection under emergent conditions. Informed consent was obtained from all subjects enrolled in the study. Catch-All Sample Collection Swabs (Epicentre, Madison, WI) were used to swab the wound center and the adjacent skin (5 cm away from wound edge) for microbiota. Samples from all 52 patients were collected at all possible clinical encounters, starting in the emergency department (ED) prior to debridement, irrigation, and cleansing of the wound. Management was consistent across all open fractures, with immediate antibiotic administration (48 hours of intravenous antibiotic including a third generation cephalosporin and an aminoglycoside for type II and III fractures) and early operative debridement (within 8 hours for Type I and within 6 hours for Type II and III wounds). Fractures were stabilized with either external or internal fixation depending on fracture pattern and soft tissue envelope. Closure was performed based on type of wound and the need for subsequent debridements. Samples were additionally collected intraoperatively (OR), as well as during all follow-up office (OF) visits or hospital admissions. Clinical, demographic, and behavioral information was collected for each participant and is summarized in Table 1 .
Sequencing and processing of microbial reads
DNA was extracted from swabs as previously described. 7, 8 Amplification of the V1-V3 region of the bacterial 16S rRNA gene was performed as described previously. 15 Sequencing was performed at the University of Pennsylvania Next Generation Sequencing Core using V3 chemistry and 300 bp paired-end reads. Controls included: (1) genomic DNA of a mock community of 20 bacterial isolates in even concentration (BEI Resources, Even Low Concentration, v5.1L) and (2) negative controls processed through the DNA extraction, amplification, and sequencing pipeline exactly as swab specimens. Sequences were demultiplexed, quality filtered, and paired ends were assembled using PEAR. 16 Reads between 465 and 535 nucleotides long were retained. A total of 8,627,005 paired-end sequences were considered in the analysis with an average of 18,086 sequences and a median of 15,706 sequences per sample. To normalize sequence counts across samples, a single random subsampling of 1,500 sequences was selected from each sample after singletons had been filtered out to maximize counts while also retaining the most possible samples. To verify adequate community coverage of the filtered data, we calculated Good's coverage on samples in a similar rarefied dataset with a depth of 1,500 sequences per sample drawing from all reads, including singletons that were filtered out in our main analyses. 17 Good's coverage estimations yielded an average of 0.932 with a standard deviation of 0.060, indicating that we were capturing most of the community when subsampling at a low enough level to retain the most samples for analysis. Sequence alignment, operational taxonomic unit (OTU) clustering, and taxonomic assignment were performed with the QIIME software package. 17 Raw sequences and metadata are publicly available in the NCBI Short Read Archive (SRA) at BioProject Accession: PRJNA386669; the subsampled dataset of taxonomically assigned reads used in the analysis can be retrieved from FigShare, DOI: 10.6084/m9.figshare.6139841.
Statistical analysis
The R computing package was used for data processing and statistical analyses. Principal coordinates analyses (PCoA) were performed using the LabDSV R package to reduce the high dimensionality of the data and easily visualize distances based on the most differentiating features of the bacterial communities. 18 The axes (PC1 and PC2) visualized from PCoA analyses were determined by the two eigenvectors explaining the most variance within a multivariate matrix, as described in a 2003 review by Anderson and Willis. 19 ANOSIM and PERMANOVA tests were employed to investigate the significance of associations between factors and community structure. The ANOSIM test was used in conjunction with the PERMANOVA test to control for differences in assumptions and null hypotheses tested by each method. 20, 21 ANOSIM and PERMANOVA tests were performed with functions from the vegan R package and used 999 permutations to calculate p-values. 22 Wilcoxon rank-sum tests were utilized for non-parametric comparisons of the relative abundance of taxa between groupings of samples to produce p-values that were then adjusted for multiple testing with the Benjamini Hochberg false discovery rate (FDR). 23 Bacterial genera were included in these tests if they comprised an average relative abundance of at least 0.1% in the dataset being considered. The genus level of identified bacteria was used for comparing relative abundances of taxa. Plotting of data was performed with the ggplot2 R package. 24 
RESULTS
Defining open fracture wound and adjacent skin microbial colonization at presentation Fifty-two subjects were enrolled into a longitudinal, prospective, cohort study to evaluate the microbiota colonizing traumatic open fracture wounds using culture-independent methods. Table 1 summarizes the demographic and clinical status of the cohort. All 20 penetrating open fracture wounds were caused by gunshots while vehicular crashes, bike accidents, and falls caused 30 of the 32 blunt open fracture wounds; 2 patients with blunt open fracture wounds did not disclose the specifics of their injury. Microbiota samples were collected at presentation to the ED, intraoperatively, and at each outpatient follow up visit and/or inpatient admission. Swab samples were collected from the center of the wound and from the normal, unobscured skin 5 cm adjacent to the wound edge.
To set a baseline for longitudinal analyses, we first compared the microbiota of the wound center to the adjacent skin upon patient presentation to the ED. The distances between sample communities, as measured by the weighted UniFrac metric, which takes into account the different bacterial lineages present and their abundances, were calculated to broadly compare microbial community structure. 25 Skin and wound center microbiota were significantly different, as determined by a PERMANOVA test (p < 0.005) ( Figure 1A) . Diversity, as measured by Faith's Phylogenetic Diversity (PD) metric, 26 was significantly reduced in the wound center compared to the intact adjacent skin (p < 0.005; Figure 1B) . The genus-level taxa Corynebacterium, Staphylococcus, Finegoldia (q < 0.01), and Anaerococcus (q < 0.05) all were found in significantly higher relative abundances in adjacent skin compared to the wound center ( Figure 1C ).
Association of wound microbial community structure with clinical factors
Because the pilot study we previously conducted identified mechanism of injury, severity, and location as significant factors associated with microbial diversity and/or composition, 8 we further investigated these associations. Neither injury location nor severity (as measured by the Gustilo-Anderson classification 27 ) were significantly associated with microbial community composition, Faith's Phylogenetic Diversity, or community structure as measured by weighted UniFrac distance of samples collected at the ED time point. There were significant differences in microbial communities when comparing mechanism of injury between blunt and penetrating wounds (p < 0.05; Figure 2A ). The adjacent skin microbiota in blunt force open injuries was more diverse than the wound center microbiota (p < 0.01; Figure 2B ). Relative abundance of Staphylococcus, Anaerococcus, Finegoldia (q < 0.05), and Peptoniphilus (q < 0.01) were significantly increased in the skin community compared to the wound ( Figure 2C ). In penetrating injuries, the adjacent skin samples appeared to be qualitatively more diverse than the wound center samples, but the difference was not statistically significant (p = 0.079; Figure 2B ). Only the relative abundance of Corynebacterium (q < 0.05) significantly differentiated adjacent skin from wound microbiota in penetrating injuries ( Figure 2C ). Corynebacterium was also significantly elevated in the skin communities of penetrating injuries compared to the skin of blunt injuries (q < 0.01). These findings suggest that even at presentation to the ED, mechanism of injury differentiates the microbiota colonizing open fracture wounds and adjacent skin. Each point represents a single patient specimen at the ED time point; one wound sample and one adjacent skin sample from each patient are displayed where data is available. Color indicates mechanism of injury (purple, penetrating; orange, blunt) and shape indicates the sample type (circle, wound center; triangle, adjacent skin). Shown are the first two principle coordinates, and percent variance explained by each coordinate is indicated in parentheses by the axis. (B) Alpha diversity, as measured by Faith's Phylogenetic Diversity index (y-axis). Blunt and penetrating injuries are depicted on the left and right panels, respectively. Boxplots were generated according to the methods outlined in Figure 1 . **p < 0.01. (C) Average relative abundance of bacterial genera (y-axis) by sampling site and mechanism of injury. Significant differences in adjacent skin microbiota according to mechanism of injury are indicated by black asterisks. Significant differences between adjacent skin and wound center samples within each injury category are indicated by white asterisks. *q < 0.05; **q < 0.01.
Microbial composition associated with mechanism of injury
During outpatient follow up visits, blunt and penetrating wound microbial communities remained significantly distinct by the weighted UniFrac metric (p = 0.001) as seen in Figure 3 . Wound center samples continued to differ from skin samples (p < 0.05), but sample site was less defining than mechanism of injury at these later time points. These findings were apparent in a PCoA of the sample communities ( Figure 3 ). The first principal coordinate axis (PC1) visually separated the groups by mechanism of injury explaining 23.1% of the variance between all the samples. Comparatively, the second principal coordinate axis (PC2), which visually separates the wound center samples from the adjacent skin samples within each mechanism of injury, explains 11.1% of the variance. In order to rule out potential discrepancies between standards of care between blunt and penetrating wounds, we tested for an association of severity of the open fractures, which could dictate the extent of treatment, with mechanism of injury, and did not find it to be significant (p = 0.68). More specifically, greater than 70% of the wounds caused by each mechanism of injury were assigned a score of IIIA on the Gustilo-Anderson scale. 27 All patients with penetrating injuries racially identified as black, whereas subjects with blunt injuries constituted a racially mixed cohort. To address this potentially confounding factor, we performed a separate analysis that included only black subjects and found that the mechanism of injury was still highly significant in separating samples by both ANOSIM and PERMANOVA tests (p = 0.001). When comparing the two most prevalent races in our study, black and white, in the subset of only blunt injuries, race was a less significant factor by the PERMANOVA test (p = 0.005) and not significant by an ANOSIM test (p = 0.068). All subjects with penetrating injuries also identified as male, which we addressed by comparing the communities of both genders in blunt injury patients. Although gender was found to be significant in differentiating samples from blunt injury patients by a PERMANOVA test (p = 0.001), it was not significant by ANOSIM (p = 0.841). The mechanism of injury in only male subjects was found to be highly significant by both ANOSIM and PERMANOVA tests (p = 0.001), further recapitulating our overall finding. Moreover, we further restricted our dataset to only include subjects identifying as black males, yielding a subset of 6 patients with blunt injuries and 20 patients with penetrating injuries. Mechanism of injury was again found to be significant in this much smaller subset of 26 patients, indicating both that our findings were robust and demographics were not biasing our overall conclusions (p = 0.001).
The average age of subjects with penetrating injuries was significantly lower than that of subjects with blunt injuries (p < 0.001). We tested age-related microbial associations by binning office follow-up visits into two groups based on the age of the subject at time of admission to the hospital; 18-26 years old and 27-43 years old. These bins were selected to include the most subjects while still maintaining similar compositions of subjects with different mechanisms of injury in each bin. Independent of mechanism of injury, subjects in the older group had significantly higher relative abundances of Anaerococcus and Finegoldia (q < 0.05) in the adjacent skin samples and no differentially abundant genera in the wound center when compared to subjects in the younger group. In penetrating injuries, only Propionibacterium differed significantly, being present at a lower relative abundance in adjacent skin samples of older subjects compared to younger subjects (q < 0.05). Conversely, when comparing mechanism of injury in the younger group, penetrating injuries had higher relative abundances of Corynebacterium (q < 0.05) and lower relative abundances of Staphylococcus (q < 0.05) in adjacent skin samples. In the older group, penetrating injuries had higher relative abundances of Corynebacterium in both adjacent skin and wound center samples (q < 0.001) as well as lower relative abundances of Clostridium (q < 0.05) in wound center samples.
Time-dependent dynamics of open fracture wound microbiota
Temporal dynamics and convergence between wound and skin microbiota were calculated with weighted UniFrac distances between the wound center and adjacent skin at each sampling date for each patient. Local polynomial regression (LOESS) was performed on paired sample distances for each mechanism of injury, resulting in two distinct regression lines with respective confidence curves representing the 95% confidence interval of the regression ( Figure 4A ). The regressions were performed on 382 samples (or 191 paired adjacent skin and wound center samples), with the inclusion criterion requiring at least two visits with paired samples per subject. About 44 subjects met this criterion; 29 with blunt injuries contributing 133 paired samples and 15 with penetrating injuries contributing 58 paired samples. The 44 subjects had an average and median of 5.5 visits included in the analysis with a range of 2-9 visits. In penetrating injuries, the upper bound of the Loess line confidence interval dropped below the baseline distance between all paired samples by day 45, indicating that the wound center and adjacent skin microbiota had converged to more similar microbial communities from the initial sampling. Over the 100 days following initial presentation, the confidence interval of the regression remained below the initial sampling distance.
In blunt injuries, the upper bound of the confidence interval begins to closely trace the baseline distance between paired samples near day 45 as well, but then begins to increase with respect to the confidence interval of the penetrating paired samples, demarcating a qualitative divergence between penetrating and blunt wounds. This divergence demonstrated a delayed convergence between the communities of the adjacent skin and the wound in blunt wounds compared to penetrating wounds. Although the distance appeared to increase at later time points, this trend reflects a decrease in total patients still receiving treatment, which produces a larger confidence interval due to the corresponding decrease in paired sample distances on which to regress, as well as bias from open fractures requiring later follow-ups due to complications or delayed healing.
The convergence between skin and wound microbiota was further illustrated upon examining individual patient profiles of microbial temporal dynamics. Subject 29 suffered a blunt trauma open fracture and exhibited high levels of divergence between skin and wound microbial communities until approximately 100 days postinjury. Both wound and skin microbiota were unstable at initial time points, with blooms of genera such as Prevotella and Brevibacterium that are rarely found on healthy skin ( Figure 4B ). Relative abundance of Corynebacterium gradually increased over time, until the last two visits in which the wound remained fairly stable and more similar in composition to the adjacent skin microbiota. This is in contrast to Subject 43 who sustained a penetrating open fracture. The skin and wound center are markedly different in samples collected at the ED, but then converged quickly during follow up time points ( Figure 4C ). This is reflected by the community composition shifting towards a more frequently observed skin-like microbiota consortium, as evident in the increase in relative abundance of Propionibacterium and Streptococcus. These trends are further illustrated by examining longitudinal weighted UniFrac distances of the two subjects ( Figure 4D ).
DISCUSSION
Here, we show that acute wounds resulting from open fracture are colonized with microbiota distinct from that of the adjacent skin at presentation to the ED, followed by a convergence of wound microbiota with skin microbiota over time. Additionally, we found that mechanism of injury was associated with the microbiota as early as presentation to the ED and continued to distinguish microbiota throughout the course of healing. We further observed a faster rate of convergence of wound and skin microbiota in injuries caused by penetrating trauma compared to blunt trauma.
Our finding of temporally converging wound and adjacent skin microbiota, while to some extent expected, may be indicative of the healing process as the wound center begins to attain a microbial community comprised of skin commensal bacteria. Few studies have measured the dynamics of wound microbiota through longitudinal, serial sampling of the wound. Our previous study of 100 patients with chronic diabetic foot ulcers underscored the importance of longitudinal sampling to measure microbial community dynamics with respect to the tissue environment, and stability was predictive of wound outcomes. 9 In the present study, collection of a corresponding skin specimen adjacent to the open fracture wound allowed us to measure the convergence of these two distinct microenvironments while controlling for interpersonal variation of the microbiota. Although our study intended to further associate convergence of the microbial communities with complications such as nonunions and infections, our cohort only contained two patients with observed and recorded nonunions and three patients with confirmed infections, two of which recovered from their infections within two visits or less. We similarly did not find any significant associations between other complications and factors such as demographics or mechanism of injury given the sparse appearances of complications.
We analyzed microbiota with respect to clinical factors that are associated with outcomes of open fractures: injury location, mechanism, and severity. Mechanism of injury robustly associated with microbiota, immediately following injury and temporally. We found a discrepancy in the rate at which convergence occurs between blunt and penetrating wounds. Thus, we conclude that mechanism of injury may dictate a distinct microbial community structure and also alter the time-dependent community dynamics. These findings were robust even after controlling for age, race, and sex in this cohort. We speculate that differences in wound tissue, such as nutrient availability and oxygenation, may drive differences in communities colonizing blunt and penetrating wounds. Alternatively, the surrounding skin microbiota may also contribute in part to these differences. Further research is needed to define the mechanisms whereby microbial community succession occurs in the acute wound environment.
The findings presented here will be instrumental in guiding future work to directly assess the association between the microbiota and outcomes of open fracture wounds. First, we demonstrate the importance of longitudinal study designs in capturing microbial community dynamics. Cross-sectional sampling of the microbiota can only provide a snapshot of an ever-changing microbial landscape. Second, future studies to directly associate outcomes with the microbiome will need to control for mechanism of injury since this variable is associated with the diversity and composition of colonizing microbiota. Moreover, we demonstrate the utility of collecting a sample of the adjacent skin as a baseline by which to measure the convergence of the wound microbiota while controlling for interpersonal variation.
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